INTRODUCTION
Periodic surfaces consist of arrays of metallic elements printed on a dielectric substrate or apertures in a conducting screen. When placed at close proximity to a ground plane, for example metallic elements printed on a grounded dielectric substrate, they reflect incident waves with a zero degrees phase shift and are termed High Impedance Surfaces (HIS) or Artificial Magnetic Conductors (AMC). As such they can be applied as ground planes in printed antennas [1] or in cavity antennas to reduce their profile [2, 3] . Furthermore, doubly periodic arrays placed over a ground plane have also been employed for their phase shifting properties in numerous applications, where they are operated at various reflection phase values and not just at zero degrees. Such applications include reflectarrays [4] , compact waveguides [5] , subwavelength-profile resonant cavity leaky-wave antennas [6] and anisotropic polarisation converters [7] .
Tuning the response of periodic surfaces has attracted significant interest in the last few years.
The frequency response of such a surface depends on the periodicity, the size and shape of the elements, and the thickness and electromagnetic properties of the supporting material.
Various techniques have been employed to dynamically change one of the above characteristics in order to obtain a tunable periodic surface. At lower microwave frequencies one of the available techniques for electronic tuning is the use of varactor or PIN diodes [8] [9] [10] , but their use can be prohibitive at higher mm-wave frequencies due to losses and parasitic effects. In [11] a mechanically tunable high impedance surface has been proposed performing as a reflector for reconfigurable beam steering at frequencies around 2.5GHz.
Micro-Electro-Mechanical Systems (MEMS) have been employed at lower mm-wave frequencies to achieve tuning of periodic surfaces by means of appropriate integrated micro -actuators that mechanically change the effective size and/or orientation of the array's elements and have shown promising results [12] . Finally, tunable materials have been studied, such as ferroelectrics at lower microwave frequencies [13, 14] and more recently liquid crystals [15] [16] [17] , at higher mm-wave. Liquid crystal materials have produced promising results particularly for submm-wave frequencies, but with several constraints in terms of the losses and very low tuning speeds [17] .
In this paper, a new technique for tuning the response of a grounded periodic phase shifting surface is presented for operation at approximately 60GHz. The periodic surface consists of an array of metallic square loop elements printed on a dielectric substrate. The surface is placed over a ground plane creating an air cavity and providing a range of reflection phase values. The tuning is achieved by means of piezoelectric actuators which support the surface and produce a displacement under a DC bias, thus changing the cavity thickness. The reflection phase response of the structure is strongly dependant on the cavity thickness, which leads to a significant tuning range. A major advantage of the proposed design is that the actuators are placed around the periodic surfaces thereby not interfering with their radiation performance and introducing no losses to the overall structure which is particularly important for higher frequencies. Moreover, the technique is scalable to higher mm-wave and even submm-wave frequencies,
Design of Tunable Periodic Surface
The proposed structure is shown in Fig. 1(a) . A square loop metallic patch has been chosen as the unit cell of the periodic surface printed on a 0.8mm thick TLY-5 dielectric substrate (ε r =2.2, tanδ=0.0009). The periodicity and the patch dimensions are shown in Fig. 1(b) . The surface is placed over a ground plane forming an air cavity ( Fig. 1(a, c) ) at a distance t. A plastic base is used to support the ground plane and the piezo-actuators, which in turn support the periodic surface. 
Tuning Range study
Full wave analysis has been carried out in CST to extract the reflection characteristics of the unit cell and periodic boundary conditions have been employed which assume an infinite structure. The cavity thickness was initially set at t=50μm which produced the first cavity resonance just below 60GHz. The magnitude of the reflection coefficient is shown in Fig. 2(a) showing how the cavity resonance is tuned by changing the cavity thickness. It should be noted that a minimum occurs at the frequency of the cavity resonance. However, the periodic surface design proposed here is based on closely spaced subwavelength (less than λ/3) square loop elements which yield low losses. The simulated phase of the reflection coefficient is shown in Fig. 2 such a small distance from the ground plane proved to be non trivial for our first experiment as described in section 4, therefore for practical reasons the cavity thickness was changed to t=2.5mm. In this case a maximum slope of the reflection phase at about 62GHz has been achieved. This is the second resonance of the cavity with that particular thickness while the first resonance occurs at about 10GHz. In the case of the new cavity, for a displacement of Δt =10μm and Δt=20μm, a phase shift of 90 o and 126 o has been obtained respectively for operation at 61.8GHz which is approximately the frequency of the inflection point (i.e. maximum slope) of the phase curves (Fig. 3) . Furthermore, the reflection magnitude is higher,
i.e. the losses are smaller, compared to the initial cavity thickness, which is a useful feature for our design. This is due to the lower currents induced on the elements of the periodic surface for increased cavity thickness, as has been observed in simulations. It should be noted that the reflection phase in both cases is not 0 o at the cavity resonance, but ~ -150 o . This is because of the additional phase shift that occurs in the dielectric substrate of the periodic surface which can be easily calculated from the optical path length.
Different geometries have been considered for the proposed configuration and square loop metallic patch has been chosen based on the fast variation of its reflection phase with the frequency. This characteristic is the key aspect of the design in order to make it more sensitive to small variations of the cavity thickness and achieve a large phase shift. In Fig. 4 the reflection phase for the proposed square loop unit cell and a simple square patch with the same periodicity and edge 1.5mm are shown for comparison. It is evident that the slope for the square patch has a smaller gradient, which results in a smaller phase shift for the same variation of the cavity thickness. This is in line with the variations of the reflection characteristics of free-standing Frequency Selective Surfaces (FSSs) which another term that can be used to describe this type of periodic surfaces [18] 
Losses Evaluation
In this section an investigation is being carried out on the main factors contributing to the losses in the proposed configuration and on whether a more appropriate design could have been chosen instead, exhibiting less loss.
Initially, simulations have been carried out for the unit cell of the structure for three different cases. First, taking into account both dielectric and metal losses, then only dielectric losses with lossless metal and finally only metal losses with the dielectric considered lossless. The magnitude of the reflection coefficient for all three cases is depicted in Fig. 5 . It can be observed that the minimum for lossy materials is -0.95dB while for lossy dielectric only and lossy metal only it is 0.07dB and 0.88dB respectively. This means the losses are mainly attributed to the metal with only a very small part related to the dielectric substrate.
Subsequently, another study has been carried out to evaluate the losses for two other possible
configurations. The first case that has been considered comes from placing the periodic surface upside-down, so that the array is on top and the AMC cavity is formed partly from the dielectric substrate and partly from air. In order to achieve a resonance at the same frequency the air cavity was set at 1.382mm. In this case the minimum of the reflection magnitude is -1.8dB as opposed to -0.95dB which corresponds to the original configuration. Furthermore, a dielectric filled cavity was also simulated with the cavity thickness now set at 1.694mm. The dielectric that has been employed is the same one used for the original configuration i.e. TLY-5 with dielectric constant ε r =2.2 and tanδ=0.0009. The minimum in this case is equal to -2.4dB. The reflection coefficient magnitude for all the aforementioned configurations is presented in Fig. 6 . It is evident that the proposed design is greatly advantageous in terms of losses compared with the two other configurations. 
Piezoelectric Actuators
As mentioned in the introduction two piezoelectric actuators are employed to support the periodic surface as shown in Fig. 1(a) and produce a tunable reflection phase shift by dynamically changing the air cavity thickness. The simulation results presented in the previous section were obtained by parametrically changing the cavity thickness to model the displacement obtained from the piezoelectric actuators. In this section the operation of this type of actuators is described.
The principle of operation of the piezo-actuators is based on the inverse piezoelectric phenomenon. They are built from Lead (Pb) Zirconate (Zr) Titanate (Ti) (PZT) ceramic disks placed on top of each other forming stacks. A schematic diagram can be seen in Fig. 7(a) . Due to the inverse piezoelectric phenomenon, each of the disks has the property of expanding vertically when exposed to an electric potential. In the stack, the disks are separated by thin metallic electrodes where the voltage is applied. Consequently, the total expansion ΔL of the actuator is the sum of the expansion of each disk. The maximum operating voltage is proportional to the thickness of the disks and the total displacement a piezo-stack actuator can produce is proportional to its total length and more specifically equal to 10% of its length. An estimation of the displacement can be made from (1) where d 33 is a strain coefficient that describes the forces applied to the actuator and the properties of the piezoelectric material used, n is the number of ceramic layers and V is the applied voltage [16] .
For the proposed design two commercial actuators, P-885.51 from Physik Intrumente (PI), are used. The photograph in Fig. 7(b) shows one of the actuators without the wires used to apply the DC voltage which are carefully soldered to one of the small metallic bits visible in the picture. The "+" sign indicates the positive polarization. This particular model is 18mm long and can achieve a maximum displacement of 18μm for an applied voltage of 120V. This is satisfactory for the requirements of the proposed structure, as shown from the simulation results. Nevertheless, in order to achieve maximum displacement a mechanical preloading for the actuators is desired, for example a spring that should be placed between the actuator and the surface that is to be displaced. Therefore without preloading, a slightly less displacement is expected.
The main advantages of these piezoelectric actuators are their high accuracy and reliability for nano-positioning applications, their low-cost and very fast response in the order of microseconds, which is important for applications such as communication and radar systems.
Moreover, they exhibit sub-nanometer resolution, high energy conversion efficiency, low voltage operation, large force and no Electromagnetic Interference (EMI) [16] . properties and also to test the operation of the biasing and their integration in the plastic base used for supporting the structure. An optical interferometer has been used in order to be able to measure the displacement which is in the order of micrometers. The displacement of both actuators for voltages from 0 to 120V has been measured and the results are presented in Although a slight difference was expected between them, the fact that actuator 2 achieved less displacement, is attributed to the way the negative electrode has been soldered on it. As can be seen from Fig. 8(b) , there is excessive soldering on the left actuator (actuator 2) that may prevent the proper expansion of the ceramic disk that lies in the specific position.
Furthermore, it should be noted that there was no preloading used with the actuators which justifies why they have not reached the nominal maximum ΔL (18μm). 
Fabrication and Measurements
A prototype of the proposed design has been fabricated and measured to validate the simulation results. Initially, a 23x23 (8λx8λ) square loop element array printed on a 60x60mm 2 TLY-5 dielectric substrate has been fabricated as shown in Fig. 8(a) . In order to support the actuators and the ground plane a plastic base has been made. It was designed so that the two actuators would exactly fit on each side of a plane surface where the ground plane (40x60mm 2 ) is mounted. The starting position of the actuators is adjustable with screws to achieve the desired cavity thickness which in this case is 2.5mm. Finally, the periodic surface 13 has been secured on top of the two actuators. A photograph of the complete structure is shown in Fig. 8 Although the concept of the design, which was to obtain a dynamic phase shifting surface, has been validated, there is a disagreement with the simulation results. In particular, the obtained phase shift is less than what was expected from the periodic simulations. The disagreement can be attributed to two major factors. First, the most important factor for this discrepancy is the finite size of the measured periodic surface. Indeed, we have carried out a full wave simulation of a finite size structure in CST, and it was found that the phase shift for Δt=10μm is about 60 o which is closer to the measured one than the infinite size simulation result. The finite structure simulation also produced the sharp peak that appears in the measurements just above the cavity resonance (over 58.3GHz). Inspection of the electric field inside the cavity showed that this effect is due to a resonance across the lateral dimensions of the finite array which distorts the field distribution in this direction. Second, the disagreement can also be attributed to the imperfect flatness of the two surfaces and the approximate alignment between them which is particularly crucial at mm-wave frequencies and should ideally be performed using quasi-optical techniques. Finally, the measured frequency of the cavity resonance (where the slope in the phase is maximum) is 58.2GHz while the simulated one is 61.8GHz. This is because the actual cavity thickness was slightly more than 2.5mm which resulted in a resonance at a lower frequency.
Conclusion
A tunable mm-wave phase shifting surface has been presented using piezoelectric actuators to achieve the dynamic tuning of the reflection phase. The proposed structure consists of an air cavity created between a square loop element periodic surface and a ground plane. Two piezoelectric actuators are employed to support the periodic surface. The concept is based on the displacement produced by the actuators under DC bias, which changes the cavity thickness and results in a significant tuning of the reflection phase response for operation around 60GHz. A study of the losses has been also carried out. Finally a prototype has been fabricated and measured validating the proposed design.
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